It is theorized that enhanced thermal heating may result from exposing single-walled carbon nanotubes (SWNTs) embedded in a conductive host to radiofrequency (RF) electric fields. We examine the RF-induced (13.56 MHz) heating behaviors of 95% metallic-and semiconducting-enriched SWNTs (m-/s-SWNTs) suspended in aqueous solutions with varying NaCl molarity (0.001 mM-1 M). The heating effects were only evident for host molarities below 1 mM (equivalent to 0.1 S/m) at which the s-SWNT heating rates dominated those of the m-SWNTs. The heating effects were localized to aligned and aggregated "SWNT ropes" ~1 cm in length that formed in suspension, parallel to the electric-field vector, during the RF exposure. For molarities above 1 mM, no enhancements were evident, owing to the large heating effects of the bulk ionic NaCl suspensions, which were observed in previous studies. Although larger enhancement effects proportional to the host conductivity have been theoretically predicted for m-/s-SWNT suspensions, this was not observed most likely because of the aggregation and screening effects, which diminished the scattered electric field near the m-/s-SWNTs. Our research may further the development of better nanoparticle heating agents for applications such as non-invasive RF-induced cancer hyperthermia.
Introduction
Nanoparticle-assisted, non-invasive radiofrequency (RF) hyperthermia is currently under development as a new oncological technique for the treatment of a variety of cancers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . An excellent review of this field is found in the literature [14] . Because of the non-zero dielectric constants associated with biological tissues, the gradual heating and thermal injury of such tissues can result from the exposure of the tissues to high-power RF (13.56 MHz) electric fields. Regarding efforts to selectively heat tumors and spare normal tissues, it is theorized that bio-inert, functionalized nanoparticles (NPs) that absorb and dissipate RF energy can be used to target tumor cells. It is considered that the rapid absorption of RF energy by the nanomaterials internalized within cancer cells induces localized heating while leaving neighboring normal tissues unaffected. This concept has been demonstrated with both animal [1, 4, 5] and cellular models [2, 3, 7] .
Owing to their ease of surface functionalization and low toxicity, gold nanoparticles (AuNPs) have been the particle of choice for studies involving cancer hyperthermia in the last few years. However, intense speculation has arisen as to whether AuNPs are "hot or not" in RF fields [15] [16] [17] . The most recent set of comprehensive experimental and theoretical studies (with non-biological models) show that citrate-capped charged AuNPs indeed produce heat in RF fields, provided that they 1) are non-aggregated, 2) have diameters <10 nm, 3) are highly concentrated, and 4) are subjected to an RF-field having a sufficient intensity (~90 kV/m) [6, 18] . Under these conditions, it is thought the charged AuNPs behave like nano-oscillators, oscillating back and forth in response to a time-varying electric field to generate heat via frictional mechanisms.
Single-walled carbon nanotubes (SWNTs) are an attractive alternative candidate because of their variable electronic structure (based on chirality), electrontransport properties [19] , and potential for use in biological applications when wrapped with amphiphilic surfactants [20] . There are various other applications, including the ultra-clean transfer printing of SWNTs onto target materials for flexible electronic devices [21] , the evaluation of the intrinsic carrier transport properties of SWNTs as materials in field-effect transistors and electronic circuit integration [22] [23] [24] , SWNT supercapacitors for energy-storage systems [25] , and photothermal initiators and drug-delivery vectors for cancer therapeutics [26] [27] [28] [29] .
According to theoretical calculations, surfactantcoated metallic and semiconducting SWNTs (m-/ s-SWNTs) embedded in a conductive host (such as an aqueous salt solution) exhibit strong, localized, radial RF electric-field enhancements outside the SWNTs owing to the edge effects and large polarized surface charge densities [30] . The amplified electric field at the tip of the SWNTs increases the power absorption in the conductive host as well as the effective RF cross-sectional absorption area, which is predicted to be ~10 2 to 10 3 times larger for SWNTs compared with AuNPs [31] . The enhancement effects of SWNTs suspended in a normal saline solution (0.9% NaCl w/v) have also been studied theoretically and experimentally from a complex-permittivity perspective. Gach et al. [32] and Shuba et al. [33] both reported an increase in the imaginary component of the complex permittivity functions of SWNTs (with concentrations of approximately 100-1,100 mg/L) suspended in a saline solution, indicating that the heat production was enhanced. The experimental validation of these heating-rate predictions is nonetheless lacking, and it is the basis of the present work.
Experimental

Sample preparation and purification
Using the previously described RF experimental setups [6] , we investigated the RF-induced heating rates of highly enriched (95%) full-length (300 nm to 2 m) m-/s-SWNTs as a function of the SWNT concentration (1-100 mg/L) and host conductivity (deionized (DI) water or NaCl solutions ranging from 10 -4 to 10 3 mM). All the solutions were dispersed in a 2% Pluronic F108 surfactant to minimize the aggregation. Highly purified and enriched samples (in powder thin-film form) were purchased from NanoIntegris (Quebec, Canada) and gently sonicated in DI water (18.2 MΩ/cm) until the thin sheets of nanotubes were broken up. Nano Res. 2015, 8(9) : 2859-2870
These were then washed several times using 100-kDa filters to remove any surfactants or ionic contaminants. Ultra-high-speed centrifugation (55,000 g) was then utilized to force the SWNTs out of the suspension so that aliquots of the background supernatant (SN) could be isolated and tested in the RF field against the heating rates of the DI water. When the two heating rates were equivalent, the SWNT sample was deemed fully purified from ionic contaminants such as iodixanol, which was present in the SWNT separation process as part of the density gradient medium. The samples were then lyophilized and weighed using a microbalance to create aqueous m-/s-SWNT suspensions (in 2% w/v Pluronic F108) with concentrations of 100, 50, 25, 10, and 1 mg/L. The 100-mg/L suspension was found to be the highest concentration that produced fully stable, minimally aggregated SWNTs.
Sample characterization
The purified m-/s-SWNT samples were characterized via Raman spectroscopy, ultraviolet-visible spectroscopy (UV-VIS), atomic force microscopy (AFM), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). The Raman spectra were measured using a micro-Raman system (Renishaw 1000) with a 795-nm excitation wavelength. For the UV-VIS, an Agilent 8435 UV-VIS spectrometer (Santa Clara, CA, USA) measured a spectrum over the wavelength range of 200 to 1,800 nm with 1-nm increments and a 20-s acquisition time using a quartz cuvette. For the AFM, aqueous solutions of the samples were drop-casted onto freshly cleaved mica and placed in a desiccator for 24 h prior to the imaging. Tapping-mode AFM images were taken in air under the ambient conditions using a Digital Instruments Nanoscope IIIA (Digital Instruments, Tonawanda, NY, USA). The SEM images were captured using an FEI Quanta 400 ESEM FEG (Hillsboro, OR, USA) operating at 10 kV. The XPS data were obtained via physical electronics XPS/electron spectroscopy using a chemical-analysis system (PHI Quantera, Chanhassen, MN, USA) at a base pressure of 5 × 10 −9 Torr. A monochromatic Al X-ray source with a power of 100 W was used with a pass energy of 26 eV and a 45° takeoff angle. The beam diameter was 100.0 μm.
RF electric-field exposure system
Once characterized, the m-/s-SWNT samples were exposed to a high-intensity (~90 kV/m) 13.56-MHz RF electric field. The protocols and conditions were identical to those previously described for the AuNP samples [6] . Approximately 1.3 mL of each sample was placed in a cylindrical quartz cuvette (~1 cm in height and ~1 cm in diameter) and exposed to the RF field for 120 s or until the temperature reached 70 °C to prevent electrical arcing. Thermal-imaging data were captured using an FLIR SC 600 infrared (IR) camera, and videos were recorded simultaneously using a Nikon SLR camera. Once the samples were exposed, the SWNTs were removed from the solution using a 100-KDa filter to collect the SN, which was then re-exposed to the RF field. The differential heating rates determined the heat production from the SWNTs and not that from the Pluronic F108/NaCl background. Figure 1 shows the m-/s-SWNT characterization data. The Raman data ( Fig. 1(a) ) indicate the radial breathing modes (RBM) as well as the D, G, and G' bands under excitation with a 785-nm laser. These peak positions agree well with the previously established SWNT characterization data [34] . Figure 1 (b) depicts the UV-VIS spectra for both the SWNT types. The quasi one-dimensionality of the SWNTs yields sharp Van Hove peak transitions in the density of the electronic states. This influences the optical properties, which are dominated by the transitions between the corresponding Van Hove peaks on the opposite sides of the Fermi level [35] . The lowest Van Hove energy transition (E 11 ) for the m-SWNTs is indicated by the broad peak centered around 710 nm, and the s-SWNT peaks in the range of 500-570 nm indicate the E 33 Van Hove transitions [36, 37] . Both AFM and SEM indicated that the samples matched the statements of the supplier. Both samples were composed of SWNTs 300 nm to 2 μm in length and ~1-3 nm in diameter (because of the Pluronic F108 coating). XPS was used to verify the negligible level of iodine (~0.2%-0.3%) according to Nano Res. 2015, 8 (9): 2859-2870 the iodixanol density gradient medium (Figs. S1-S4 in the Electronic Supplementary Material (ESM)).
Results and discussion
m-/s-SWNT characterization
m-/s-SWNT heating behaviors in water
Figure 2(a) depicts the derived heating rates of the aqueous m-/s-SWNT Pluronic suspensions as a function of the SWNT concentration, with no NaCl addition. These heating rates indicate the heat production from the SWNTs after the background SN heating rates were subtracted. The heat production was only evident at a minimum concentration of 25 mg/L. There was a noticeable difference in the heating rates between the s-SWNTs and m-SWNTs, which were ~0.55 and ~0.36 °C /s, respectively, at the highest concentration of 100 mg/L. Compared with the heating rates of the charged citrate-capped AuNPs with diameters of 5 nm exposed to similar-strength electric fields [6] , the s-SWNTs and m-SWNTs had heating rates ~28 and 18 times greater, respectively, on a per-weight basis. The heating rates were also power-dependent (Fig. S5 in the ESM) . Figure 2 (b) illustrates how the heating rates were determined. Suspensions of m-/s-SWNTs (green and red, respectively) were exposed to the RF field and recorded using an IR camera to plot the temperature with respect to time. This process was then repeated for the filtered samples to measure the SN heating rates, which were almost identical to that of the Pluronic aqueous solution, indicating the absence of contaminants in the samples. The heating rates were then extracted by using a linear function to model the heating curves.
The m-/s-SWNTs aligned and aggregated (within the suspensions) in response to the RF field. The direction of the alignment was parallel to the RF electric-field vector, as shown in Fig. 3(a) . For the aqueous m-/s-SWNT samples (no NaCl), both types of SWNTs eventually formed long (~1 cm), highly aligned, vertical "SWNT ropes" in the solution. In addition, the IR thermal videos indicate that the majority of the heat was generated from these SWNT ropes. As the RF field was switched on and off (Fig. 3(b) ), these SWNT ropes alternated between forming and collapsing. Several high-resolution videos of these alignment and heating effects are presented in Movies S1-S4 of the ESM. Although both types of SWNTs produced more heat than the AuNPs on a per-weight basis, the effect of the total surface area should also be compared, as this is considered a pertinent factor in AuNP heating mechanisms. The surface area of an SWNT (SA SWNT ) can be modeled using the standard equation for the area of a cylinder, 2πrl, where r is the nanotube radius (~0.5 nm), and l is the SWNT length (300 nm-2 μm). The following equation can be used to calculate the weight of each SWNT [38] 
where d is the SWNT diameter. Using data from our previous laboratory work [39] , we plotted (Fig. 4 ) the heating rates of the AuNPs and m-/s-SWNTs as a function of the total surface area in a 1.3-mL sample solution. The linear regression curves indicate that the AuNPs have higher heating rates than the m-/ s-SWNTs with regard to the total surface area. This could arise from the large negative charge of the AuNP citrate-capping agent or the passivation of the m-/s-SWNT surface charge due to the Pluronic F108 surfactant. The concentration of AuNPs needed to achieve these heating rates is ~10,000 mg/L, which cannot be reproduced in the lab without aggregation and was shown to negate the RF-induced heating.
The observed alignment and bundling effects can be explained according to the dielectrophoresis and orientation (torque) phenomena. Dielectrophoresis is a process whereby a force is exerted upon a dielectric particle when the particle is exposed to a non-uniform electric field. The force is independent of the charge of the particle. The dielectrophoretic force imparts motion to the SWNTs, which causes SWNT chaining, whereas the induced torque leads to SWNT alignment in the direction of the electric-field vector. These bundles and alignment effects have been shown to increase the current flow throughout aqueous solutions via the formation of electrically conductive percolation SWNT pathways that allow charge "hopping" between adjacent SWNTs [40] .
SWNT heating rates in NaCl solutions
Using the highest SWNT concentration of 100 mg/L, we investigated the SWNT heating rates with respect to the host-medium conductivity, which was modulated using NaCl solutions. Aqueous NaCl solutions (all with 2% w/v Pluronic F108) in the molarity range of 10 -4 to 10 3 mM were combined with m-/s-SWNTs at a concentration of 100 mg/L. The solutions were then exposed to the RF field and filtered to remove the SN, which was then re-exposed. Figure 5 (a) depicts the heating rates of these SWNT suspensions with respect to the NaCl concentration. For clarity, Fig. 5(b) shows the subtraction of the SN heating rates from the m-/s-SWNT suspensions. For NaCl molarities <1 mM (where the heating effects were observable) a concentration dependence was evident (Fig. S6 in the ESM) . Note the shaded area of biological relevance as these NaCl concentrations (1 to 500 mM) mimic the typical biologic conductivity ( bio ) range of 0.01 to 5.0 S/m; this area would come into effect if the results are applied in fields such as RF cancer therapy [12, 41] .
For molarities >1 mM, the heating is clearly dominated by the rapid bulk ionic heating of the NaCl solutions, with the maximum heating occurring at a 5-mM NaCl concentration. This "bell-shaped" heating effect was also observed in other RF systems at the same frequency [42] and results from the large effects of the Nano Res. 2015, 8(9): 2859-2870 dielectric properties of the solutions and the boundary conditions on the electric field. The sample-holder geometry can also influence the heating-rate trend [16] .
Because of the dominant ionic heating rates of the NaCl solutions, it was impossible to extract the m-/ s-SWNT heating parameters over the molarity range of 1-1,000 mM. This yielded large experimental standard deviations as well as negative heating rates, indicating that the SNs were heated to a greater extent without the addition of the SWNTs. This could be because of the interactions of the m-/s-SWNTs with the charged Na + and Cl -ions, as well as the influence of the ionic absorption on the penetration of the RF-energy.
The fact that the m-/s-SWNT heating rates cannot be extracted in the molarity range of 1-1,000 mM makes it difficult to perform comparisons with theoretical predictions across the corresponding conductivity range. Shuba et al. [30] predicted that at small values of the surrounding conductivity (0.01 S/m), the energy dissipation is stronger for suspensions of s-SWNTs compared with suspensions of m-SWNTs. This is because of the difference in the energy-dissipation mechanisms between s-SWNTs and m-SWNTs. For semiconducting tubes, the dominant mechanism is the energy dissipation by the tube, whereas for metallic tubes, the energy is dissipated primarily by the host. This is indicated by Fig. 5(b) ; although there was a slight increase in the heat production for the m-SWNT solutions, the s-SWNT heating rates were almost 3-4 times greater and were inversely proportional to the host conductivity.
The adsorbed molecular species from the SWNT separation procedure, which act as dopants to provide charge carriers in the s-SWNTs, may also be a factor that influences the observed enhanced s-SWNT heating rates. Q. Zhang et al. [43] reported optical spectra changes in s-SWNTs after annealing and attributed these effects to the Pauli blocking and bandgap renormalization. Before the annealing, the carriers were thought to occupy some near-band-edge states, which not only prevent inter-band transitions but also modify the bandgap via many-body interactions. These differences were found to be negligible for m-SWNTs.
Shuba et al. also stated that at high values of the host conductivity (> 1 S/m), m-SWNTs are preferable over s-SWNTs for heating enhancement. This is because of the near-field enhancement in SWNTs caused by the edge effects inducing a large concentration of surface change density near the SWNT edges, which polarizes the SWNT and yields a large radially scattered electric field close to the SWNT surface. This concentrated RF energy enhances the power absorption in the host and increases the heating rates. However, this is valid only for m-SWNTs at the specified frequency and host conductivity (>1 S/m). On the other hand, for s-SWNTs, increasing the conductivity of the host decreases these effects, and the scattered field intensity near the SWNT surface becomes comparable to the incident electric-field intensity.
However, because of the dominance of the RF absorption by the host for conductivities >1 S/m, no enhancement was observed in our study. Although great care was taken to produce the m-/s-SWNT suspensions of individual tubes, the effects of the SWNT bundles to diminish the heating rates was highly significant. Shuba et al. theoretically showed that even for bundles containing only twelve tubes, the absorption cross-section is significantly reduced by screening effects, which decreases the enhancement effects.
Prediction of heating rates by permittivity
A comprehensive analysis of the dielectric properties of saline solutions containing varying concentrations of SWNTs was previously reported by Gach et al. [32] and Shuba et al. [33] . The complex permittivity is given as
where ω is the radial frequency (rad/s); and ε' and ε'' are the real and imaginary components of the permittivity, respectively, which are directly related to the amount of energy stored in the medium and the amount of energy dissipated as heat, respectively. The imaginary component of the complex permittivity can be employed to determine the RF power absorbed per unit mass of dielectric material (W/kg) using the specific absorption rate (SAR) [44]    
where  (0) and    ( ) are the values of   at the frequency limits of 0 and  Hz, respectively; τ w is the dielectric relaxation (or decay) of the solvent; σ s is the static conductivity; and α is the relaxation distribution parameter. Equation (4) can be integrated into the Waterman-Truell formula [46] to estimate the relative permittivity of SWNT suspensions, ε eff (ω), as follows
where N j (L) describes the number density of SWNTs of type j with a length L and a radius Rj, and αj(ω, L) is the axial polarizability of an isolated SWNT of type j. Using Eqs. (4) and (5), Shuba et al. modeled the effective permittivity and relative absorption rates of saline suspensions (0.9% w/v of NaCl) containing 1,120 mg/L of SWCNTs of both the metallic (15, 0) and semiconducting (14, 0) types, at a metallic-tosemiconducting density ratio of 1:2. The variations in tube radius were neglected, as they were previously found to only slightly affect the axial polarizability of metallic tubes [47] . Moreover, in the frequency range of interest (10 MHz-1 GHz), the conductivity of semiconducting tubes with a small radius (1-3 nm)
does not depend on the chirality and is dominated by impurity-doping mechanisms. These properties can be extended to SWNT suspensions of metallic and semiconducting tubes with varying chirality.
Their theoretical values match the data reported by Gach et al., and they demonstrated a two-fold absorption enhancement in the SWNT-saline solution at a concentration of 1,120 mg/L, which is ~10 times higher than the SWNT concentrations used in our studies. Furthermore, they concluded that the application of longer SWNTs (1-3 μm) is more effective for enhancing the energy dissipation in the solutions than shorter SWNTs (0.1-0.3 μm).
Regarding the molarity, a normal saline solution (0.9% w/v NaCl) is equivalent to a 154 mM NaCl solution. The similar values shown in Fig. 5 indicate that the heating rates for the m-/s-SWNTs in a 100 mM NaCl suspension are all equivalent and that no meaningful data can be extracted pertaining to the enhancements of the absorption and heating rates of the solutions by the SWNTs. The results of Gach et al. and Shuba et al. indicate that the heating rates increase linearly in the range of 110-1,110 mg/L; however, this is not evident in our research, owing to the concentration limit of 100 mg/L. We found that concentrations higher than 100 mg/L resulted in heavily aggregated solutions that eventually precipitated out of the solution, making it difficult to differentiate the heating mechanisms between the individual and aggregated SWNTs.
Using another source of SWNTs (Carbon Nanotechnologies, Houston, TX), we prepared high concentrations (1,100 mg/L) of SWNTs suspended in 0.02% Pluronic in a normal saline solution (154 mM NaCl). These were the experimental and theoretical conditions used by Gach et al. and Shuba et al. As shown in Fig. 6 , no enhancement was observed for the highly concentrated SWNT solutions compared with the solutions without SWNTs. In addition, to minimize the reduction of the heat production due to the aggregation, we prepared a highly concentrated SWNT solution in a 2% Pluronic solution, which was similar to the other solutions used throughout this work. There was no evidence of an enhancement in the two aforementioned solutions either. Higher concentrations of Pluronic F108 were deemed necessary, as the SWNTs exited the Nano Res. 2015, 8(9): 2859-2870 suspension within 3 min when 0.02% Pluronic was used. In contrast, they were stable for 24 h in the 2% Pluronic solutions (Figs. 6(b) and 6(c), respectively). Throughout our initial studies, although we did not create m-/s-SWNT suspensions with concentrations greater than 100 mg/L, to minimize the flocculation effects, we examined the heating rates of s-SWNTs at a concentration of 300 mg/L suspended under identical conditions (0.02%, 154 mM NaCl). As for the other results, no enhancements were observed (Fig. S7 in the ESM). Although large enhancements should be evident for these samples (as predicted theoretically), the effects of the aggregation on the heating rates are most likely the cause. Additionally, the boundary conditions and screening effects discussed by X. Liu et al. [42] should be investigated further.
Conclusion
We investigated the RF-induced heating rates of electronically enriched (95%) m-/s-SWNTs as a function of the SWNT concentration and the host-medium conductivity. The heating rates for the s-SWNTs were inversely proportional to the host conductivity and increased linearly to 0.8 °C /s as the host molarity decreased below 1 mM (~0.01 S/m). Smaller heatproduction values were exhibited by the m-SWNT samples (~0.25 °C /s) across the same molarity range.
Furthermore, both types of SWNTs aligned and aggregated in suspension to form "SWNT ropes" that were equal in length to the vertical dimension of the sample holder (~1 cm) during the heat production. This was most likely because of the dielectrophoretic force and torque phenomena. IR thermal imaging data showed that the heat produced was localized and liberated from the SWNT ropes to a far greater extent than the surrounding SWNT solution. For molarities greater than 1 mM, the bulk heating effects of the solution were dominant, obscuring any m-/s-SWNT enhancements. Our results were compared with theoretical predictions concerning m-/s-SWNTs in a conductive host. Although there were discrepancies between the observed and theorized heating effects, they most likely arose from the SWNTs forming aggregated bundles in the NaCl solutions, which effectively diminished any theorized enhancement effects. 
